19 Marine habitat heterogeneity underpins species distribution and can be generated through 20 interactions between physical and biological drivers at multiple spatiotemporal scales. Passive 21 acoustic monitoring (PAM) is used worldwide to study potential impacts of marine industrial 22 activities on cetaceans, but understanding of animals' site use at small spatiotemporal scales (<1 km, 23 <1 day) remains limited. Small-scale variability in vocalising harbour porpoise (Phocoena phocoena) 24 distribution within two Scottish marine renewable energy development (MRED) sites was 25 investigated by deploying dense arrays of C-POD passive acoustic detectors at a wave energy test 26 site (the European Marine Energy Centre [Billia Croo, Orkney]) and by a minor tidal-stream site 27 (Scarba [Inner Hebrides]). Respective arrays consisted of 7 & 11 moorings containing two C-PODs 28 each and were deployed for up to 55 days. Minimum inter-mooring distances varied between ~300-29 600 m. All C-POD data were analysed at a temporal resolution of whole minutes, with each minute 30 classified as 1 or 0 on the basis of presence/absence of porpoise click trains (Porpoise-Positive 31 Minutes/PPMs). Porpoise detection rates were analysed using Generalised Additive Models (GAMs) 32 with Generalised Estimation Equations (GEEs). 33 34 Although there were many porpoise detections (wave test site: N = 3,432; tidal-stream site: N = 35 17,366), daily detection rates varied significantly within both arrays. Within the wave site array (<1 36 km diameter), average daily detection rates varied from 4.3-14.8 PPMs/day. Within the tidal-stream 37 array (<2 km diameter), average daily detection rates varied from 10.3-49.7 PPMs/day. GAM-GEE 38 model results for individual moorings within both arrays indicated linkages between porpoise 39 presence and small-scale heterogeneity among different environmental covariates (e.g. tidal phase, 40 time of day). Porpoise detection rates varied considerably but with coherent patterns between 41 moorings only several hundred metres apart and within hours. These patterns presumably have 42 ecological relevance. 43 44
Hildebrand 2009) or during peak tidal flows (Tonolla et al. 2010; Carter 2013) .The assumption that 108 data from sparse fixed PAM efforts, or even solitary PAM sensors, adequately describe ecologically 109 relevant variability in harbour porpoise distribution and habitat use across a development site 110 remains largely untested. 111 112
The present study combines observations from studies at two separate, and contrasting, energetic 113 sites in Scotland, UK (exposed to waves and tidal currents, respectively). Both studies used relatively 114 dense arrays of moored passive acoustic detectors to assess use by harbour porpoise of sites 115 suitable for marine renewable energy development (MRED; Benjamins et al. 2015) . The aims of the 116 present study were to assess the significance of spatiotemporal variability in detection rates of 117
echolocating harbour porpoises at small (<1 km 2 , within hours) scales across both sites and in 118 relation to local environmental variables. 119 120 2. Methods 121
Data were collected using autonomous passive acoustic detectors (C-PODs; Chelonia Ltd. 2015) . 122 These are automated, passive acoustic monitoring systems that detect vocalising porpoises, dolphins 123 and other toothed whales by detecting and classifying echolocation click trains (e.g. Castellote clicks was tested prior to deployment using an omnidirectional harbour porpoise click train 128 synthesizer (PALv1, producing click trains with a centre frequency of 133 ±0.5 kHz and source levels 129 of 154 ± 2 dB; F 3 Engineering) at known distances from C-PODs, confirming low inter-device 130 variability. Occasionally, under high ambient noise conditions, C-PODs temporarily stop logging when 131 reaching a pre-set buffer limit of 4,096 clicks, until the start of the next minute. The proportion of 132 each minute thus lost was used as a crude proxy of ambient noise levels. C-PODs also contained an 133 onboard tilt sensor, recording their deflection from vertical (0° = vertical, 90° = horizontal). C-PODs 134
were deployed in arrays in two locations (see below) to capture small-scale heterogeneity in 135 detection rates. Standard moorings consisted of a single rope attached to a weight and float. Two C-136
PODs were attached to each mooring for purposes of redundancy. In all but one case (see below), C-137
PODs were deployed near the seabed. C-POD detection ranges depend on ambient noise conditions, 138
but are often considered to be on the order of ~200-300m for harbour porpoise echolocation clicks 139 under typical conditions (Kyhn et al. 2008 (Kyhn et al. , 2012 . Based on previous experiments at Billia Croo using 140 the aforementioned PALv1 click train synthesizer at known distances from C-PODs (Benjamins et al. 141 unpublished data), detection ranges at this exposed site appeared to be <150m. To minimise the 142 potential for the same echolocation event to be detected by multiple C-PODs, all inter-mooring 143 distances were kept to 300m or greater. 144 145
2. An array of seven C-POD moorings was deployed at the wave energy site through the autumn/winter 160 from 26/09/2013 until 02/01/2014 to explore spatial distribution of echolocating porpoises relative 161 to the P-P2 anchor assemblages ( Fig.1A ). All C-POD moorings were deployed at depths of 56 -69 m, 162
with one C-POD at ~5 m and another at ~15 m above the seabed. Six C-POD moorings were deployed 163 in two linear transects (A -D -E and B -C -G). These transects ran approximately southwest and 164 northwest away from the two P-P2 mooring systems ( Fig.1A) to assess potential impacts on porpoise 165 detections. A seventh C-POD mooring (F) was deployed midway between the E-and G-moorings to 166 collect additional data in this area. Minimum inter-mooring distances ranged from ~300 -515 m 167 across an area of approximately 950 x 800 m. All C-POD moorings were deployed within the wave 168 energy site boundaries to avoid interactions with fisheries. 
Deployment: Tidal-stream site 177
The Scarba tidal-stream site (Inner Hebrides, Scotland, UK; 56° 12.0'N; 5° 42.7'W; Fig.1B ) consists of 178 an embayment ~1.5 km across, bounded by several islands but exposed to the west. It is influenced 179 by tidal flows through a narrow channel to the east known locally as the Grey Dogs, where peak 180 flows can reach speeds of 5 m/s (although this weakens rapidly beyond the narrows Prior to further analysis, datasets from both C-PODs on each mooring were compared using 193 heteroscedastic t-tests (Zar 1999) to confirm that they had sampled comparable datasets, which 194 turned out to be the case. Therefore, if both C-PODs on each mooring were still functioning upon 195 recovery, one C-POD was selected at random for processing. If one or both C-PODs had failed before 196 recovery, the unit which had operated the longest was selected. C-POD data were processed using 197 the POD.exe software (v.2.040, Chelonia Ltd. 2014). Only clicks classified as "Moderate" or "High" 198 quality were used in subsequent analyses (Carlström 2005) . A randomly selected subsample of 5% of 199 the raw data with porpoise detections during the final experiment was checked visually to ensure 200 there were no false positives. 201 202
All C-POD data were initially analysed at a temporal resolution of whole minutes, with each minute 203
classified as 1 or 0 on the basis of presence/absence of porpoise click trains. Minutes were then 204 designated as Porpoise-Positive Minutes (PPMs) on the basis of click train presence. Wave energy 205 site data were subsequently analysed at the level of Porpoise-Positive Hours (PPH) to better match 206 environmental datasets (see below for details). 207 208
Inter-mooring variability in porpoise detection rates was first analysed using summary statistics and 209 contingency table analyses (Zar 1999). Porpoise presence was subsequently modelled across each 210 array as well as at each individual mooring within both arrays, using a binomial Generalised Additive 211
Modelling (GAM) framework with an independent correlation structure and a logit-link function to 212 determine explanatory relevance of environmental covariates, using the software package R (v.3.0.1; 213 R Core Team 2013). In these models, the response variable (porpoise presence per unit time) was 214 defined as a binary record (1 = presence, 0 = absence). Generalised Estimation Equations (GEEs;  215 Liang and Zeger 1986) were used to address temporal autocorrelation, as described by Pirotta et al. 216 (2011). The independent correlation structure was used because of uncertainty in the actual 217 underlying structure within the datasets, and because GEEs are considered robust against 218 correlation structure misspecification (Liang and Zeger 1986; Pan 2001 Modelling was initiated using a basic GLM to assess collinearity of covariates, following Zuur (2012). 231
Collinear covariates were identified using the vif (Variance Inflation Factor) function within the R 232 package car (v.2.0-20; Fox & Weisberg 2015) and using a stepwise procedure the covariates with the 233 highest VIF value (exceeding 3) were removed. 234 235
Response variables and covariates used for modelling varied between the two sites (Table 1) . 236
Environmental covariates were selected for each site on the basis of their availability at appropriate 237 spatiotemporal scales, as well as potential relevance to porpoise presence and/or detectability. 238
Various studies have indicated a preference by harbour porpoises for nearshore habitat in moderate 239 (>50 m) water depths (e.g. Embling Phase parameter, as used here, represents a proxy for expected tidal strength and direction which 248
were not measured at either site. C-POD angle was included as a statistical control because C-PODs' 249 omnidirectional sensitivity can be affected if devices are pulled sideways by currents. Similarly, % of 250 each minute lost was included as it results in reduced monitoring effort, thereby potentially reducing 251 the probability of porpoise detection. 252 253
In addition to the above covariates, the wave energy site models also included data on Average 254
Significant Wave Height (cm) and Average Sea Surface Temperature (°C), derived from the EMEC 255
WaveRider™ wavebuoy stationed at the wave energy site. Little is known about how porpoise 256 behaviour or their detectability is influenced by wave conditions; during periods of large waves (e.g. 257 storms), animals might change their distribution, become more difficult to detect due to increasing 258 ambient noise levels, or might change vocalisation rates. In the present models, wave activity was 259 considered as a potential influence on porpoise detectability. Temperature was included as another 260 measure of larger-scale environmental variability that might influence porpoise prey. As these data 261
were only available at a 30-minute resolution, the wave energy site C-POD data were modelled at a 262 temporal scale of hours, to allow wavebuoy data to be incorporated into the models at appropriate 263 resolution. All C-PODs regularly detected porpoise click trains during the deployments (Table 2) , although 305 detection rates varied from day to day. There was no significant difference in PPM detection rates 306 per day between the paired C-PODs at single moorings. One C-POD failed before deployment, 307
vindicating the use of two C-PODs per mooring. Most C-PODs' batteries had been depleted when the 308 array was recovered in January 2014. Although some C-PODs functioned for up to 98 days, the entire 309 array (i.e. at least one C-POD at all 7 moorings) functioned for 58 full days until 25 November 2013. 310
In the event, the P-P2 device was only present from 26/09/2013 until 4/10/2013, reducing its 311 relevance as a covariate; as a result, the present analysis only covers the 51-day period after the 312 removal of the P-P2 device (while retaining the mooring assemblage), from 5/10/2013 until 313 24/11/2013. 314 315
Across the wave energy site array, average daily PPM detection rates varied, but most noticeably 316 between moorings at opposite ends of the array (Table 2) . Specifically, average daily detection rates 317 at western moorings E and F were more than double those at moorings A and B, near the P-P2 318 mooring assemblage. All moorings recorded significant diel variability in detection rates, with a 319 notable peak in detections between ~1 7:00 and 07:00, which was consistent across all moorings (χ 2 = 320 1.4462, df = 138, p =0.99; Fig.2 ). 321 322 3.2. Wave energy site: modelling results 330
As described above, models of wave energy site moorings used data at temporal scales of 331 hours, rather than minutes. The final model structures (most important covariates first, with 332 subsequent covariates explaining smaller and smaller amounts of variation) are described 333 below (Table 3) : 334 335 Table 3 (Table 3) . 344 Diel Hour displayed a notable bimodal distribution suggesting increased detection 345 probability around dawn and dusk. Date was important for several moorings across the 346 array, suggesting short-term daily variability in detection probability (Fig. 3) . Avg. Significant 347
. Summary of model performance (AUC, confusion matrices [transformed into %]) and Wald's test
Wave Height was of limited importance for the whole array model, but was not retained in 348
any 
Tidal-stream site: initial analysis 357
As at the wave energy site, all C-PODs regularly detected porpoise click trains during the 358 deployment ( Table 2 ). All C-PODs but one remained active during the entire deployment 359 period (61 days, of which only 55 were analysed). Mooring M11 was deployed six days after 360 the others to fill a potential gap in the array. One week after its deployment, this same 361 mooring was accidentally removed by a local fisherman and was only replaced after ~20 362 days, after which it continued to function until recovery of the array. One of the M1 C-PODs 363 failed soon after deployment for unknown reasons, although the other in its pair continued 364 to function. 365 366
Considerable heterogeneity in porpoise detections was apparent across the tidal-stream site 367 array. Daily porpoise detection rates at the various tidal-stream moorings were quite 368 different, with more detections observed at moorings in more exposed, open waters. 369
Moorings fell into two distinct categories: one containing moorings set in the core of the 370 embayment, as well as M10, with relatively high daily detection rates and another 371 containing more peripheral moorings (particularly M2, M6 and M8) with lower daily 372 detection rates (Table 2) . Moreover, diel detection patterns (with all data aggregated by 373 hour) also varied significantly across the array (χ 2 = 6438.182, df = 230, p <0.001; Fig.4) . In 374 the northern part of the array (M5, M6 and M8 in particular) a notable diel pattern was 375 observed, with almost all detections occurring at night. This pattern was largely absent from 376 more southern moorings (M1, M7 and M11) as well as from M10. 377 378 
Tidal-stream array: modelling results 381
All covariates remained statistically significant for the model of the entire array, but 382 different combinations of covariates were selected for different moorings (Table 4) : 383 384 Table 4 probability varied considerably across the embayment in response to localised conditions. 397
. Summary of model performance (AUC, confusion matrices [transformed into %]) and Wald's test
For example, while detections at both M3 and M7 were influenced by tidal phase, the 398 probability of detecting porpoises was highest earlier in the tidal cycle at M7 (peak at ~0 .2) 399 than at M3 (peak at ~0 .4) due to M7's location (Fig.5 ). Westward flow (on flooding tides) 400 was important at southern moorings (M1, M 7, and M 11) whereas periods around or 401 immediately after slack tide (~0 and ~0 .5) were more important at M3 and M9. Eastward 402 flow on ebbing tides appeared only important at central moorings (M4 and M6; Fig.5 ). Some 403
covariates (e.g. % Time Lost) were significant for specific moorings but did not reveal a clear 404 pattern. 405 
Discussion 406
The results from the two case studies described above have highlighted the extent to which 407 porpoise detection rates differed across the arrays. While it is not necessarily surprising that 408 a heterogeneous tidal habitat is not used uniformly by a mobile species such as harbour 409 porpoise, these results indicated significant spatiotemporal heterogeneity in porpoise 410
habitat use amongst closely spaced moorings hundreds of metres apart. Even at the 411 otherwise relatively homogeneous wave energy site (in terms of bathymetry), 412
spatiotemporal variability was indicated. The results presented here should be considered as 413 examples of variability in habitat use of echolocating harbour porpoises in energetic marine 414 environments, rather than a direct comparison between the two sites, which were studied 415 under different projects in different seasons. 416 417
For the wave energy site array, the main difference between moorings was the low daily 418 PPM detection rates at moorings A and B, furthest inshore but also adjacent to the P-P2 419
anchoring assemblage, relative to the other moorings ( lacking. Jackson (2014) measured tidal currents around the P-P2 mooring assemblages 432 across different tidal phases using a Teledyne 300 kHz Acoustic Doppler Current Profiler 433 (ADCP). Current speeds generally did not exceed 0.7 m s -1 but varied considerably in strength 434
and directionality between flood and ebb, as well as at relatively small spatial scales 435 (hundreds of metres) and vertically across the water column. This suggests a more complex 436 temporospatial current pattern than might otherwise be suspected based solely on 437 bathymetry. The consequence of this variability to porpoises and their prey could be 438 important but is presently unknown. 439 440
For the tidal-stream site array, significant differences were found in detection rates across 441
the array in response to various factors, most notably diel hour and tidal phase. Certain 442 inshore areas relatively unaffected by tides (e.g. moorings 5 and 8; Fig.3 
